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SUMMARY 


hi a tests have been conducted with a single-rotor helicopter, one 

blade of which was equipped at 1^ percent and 40 percent of the blade 
radius with strain gages calibrated to measure moments rather than 
' ff 6 . 5 ! dete ™i n e the effects of transition, landing approaches, 
and partial-power vertical descents on the rotor-blade bending and tor- 

the n Sf> m °+ ent s' + 1 ?. addition ' ground tests were conducted to determine 
the effects of static droop-stop pounding on the rotor-blade moments. 

resul ^ s indicate that partial-power vertical descents and landing 
approaches produce rotor-blade moments that are higher than the moments 
encountered in any other flight condition investigated to date with this 
equipment. Decelerating through the transition region in level flight 
was found to result in higher vibratory moments than accelerating through 
is region. Deliberately induced static droop-stop pounding produced 
hiS af t£f dlnS i° mentS at thS lJ+ -P erc ent-radius station whfch we^e as 
SsSs eXI * rieMed “ approaches and partial-pcwe? 


INTRODUCTION 
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to fatigue calculations during the principal part of the flying time. 
This information in reference 1 shows that it is permissible to use the 
percentage of time spent in various flight conditions, as determined y 
an NACA helicopter VGHN recorder in conjunction with prototype strain 
measurements, as a basis for that portion of the cumulative fatigue anal, 
ysis that covers the principal part of the flying time. The resul s o 
reference 2 indicated that retreating-blade stall can produce large 
increases in periodic blade moments during high-speed flight and pull-up 
maneuvers . 


Additional tests were conducted to study specific flight conditions 
which were expected to produce severe periodic rotor blade moments that 
would be of interest in the design of the various helicopter components. 
Several of these flight conditions are decelerating or accelerating 
through the transition region in level flight, landing approaches, and 
partial-power vertical descents. These three flight conditions are 
related by the fact that they encounter changes in the rotor flow char- 
acteristics which could result in increased moments. Increased vibra- 
tions are also encountered in these flight conditions as shown, for 
example, in reference 3- In addition to the flight conditions, static 
droop-stop pounding during rotor operation on the ground also produced 
some additional periodic blade moments which were of interest. The 
effects of these flight conditions plus the droop- stop-pounding condi- 
tion on a helicopter rotor blade are the subject of the Present paper. 
These results will provide an insight into the various conditions that 
can be expected to produce increased moments so that their effects can 
be better considered in the design of future helicopter components. 
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SYMBOLS 


induced velocity in hovering. 



fps 


rotor thrust, lb 

mass density of air, slugs/cu ft 
blade radius , ft 

vertical velocity, positive when upward, fps 


indicated airspeed, 


V . |-£- knots 

V p o 


V 


true airspeed, knots 
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P 0 standard mass density of air, 0.002378 slug/cu ft 

V nondimensional vertical velocity, — 

v hov 

^ 1,5 change in longitudinal cyclic pitch, positive when stick 
moved forward, deg 


TEST EQUIPMENT AND INSTRUMENTATION 


f . Sln f 1 !; r0t °f heiicopter used in this investigation is shown in 

arf^iven u? +*h? r ° tor Principal dimensions and physical characteristics 

tion ilth r r ° t0r blad6S are ° f al l -™etal construe- 

tion with a uniform-spar, constant -chord plan form. 

Data recording is accomplished by standard NACA recording instru- 
ments with synchronized time scales which measure airspeed, aftitud^ 
manifold pressure, rotor rotational speed, pilot-control positions, 
angular velocities about the three principal inertia axes, and center - 
°f -gravity acceleration. 


, Information the moments encountered by the rotor blade is obtained 
by the use of strain-gage bridges calibrated to measure moments rather 
than stresses and located on the spar of one blade at 14 percent and 
0 percent of the blade radius as shown in figure 2 of reference 1. Two 
spanwise stations were considered adequate for this investigation because 
only comparative flight results were desired and because the stations were 
carefully chosen to provide response from the first three bending modes. 
The strain gages at the 40-percent-radius station measure only flapwise 
bending moments, whereas the strain gages at the 14-percent-radius station 
measure flapwise and chordwise bending and torsional moments. (These 
moments are hereinafter referred to as 40-percent flapwise bending 
moments, 14-percent chordwise bending moments, and so forth.) Chordwise- 
endmg-moment information was not available during 1 of the tests 
because a malfunction of the chordwise -bending -moment bridge required 
that it be removed from the recording circuit. 


TEST PROCEDURE 


The procedures used for investigating the various conditions are 
outlined in the following sections. The data were reduced by the same 
methods described in reference 1 . 
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Transition 

Transition is a term generally used to refer to a flight condition 
intermediate between hovering and the speed for minimum power and is 
defined herein as the speed region from hovering to 50 knots where the 
periodic moments reach a maximum. To investigate the effects of passing 
through the transition region in either a decelerating or an accelerating 
condition, tests were made in level flight (altitude deviations less than 
+25 feet) both in ground effect and out of ground effect. The tests in 
the decelerating condition were initiated at some speed above the transi- 
tion region, and the helicopter was slowly decelerated from this initial 
speed to hovering while maintaining level flight. For tests in the accel- 
erating condition, the helicopter was slowly accelerated from hovering to 
an indicated airspeed of approximately 50 knots while maintaining level 
flight. Selected portions of the time histories for various airspeeds 
were chosen for analysis to determine how the moments varied with airspeed 


Landing Approaches 

The moments encountered during landing approaches were determined by 
performing approaches which terminated in a hovering condition in ground 
effect. Two types of landing approaches were investigated. The first 
type was a normal approach where the speed prior to the landing flare 
was above 50 knots (hereinafter referred to as a normal approach) . Rotor 
inertia is mostly used to check the rate of descent during the normal 
approach. The second type was an approach where the speed prior to the 
landing flare was below 50 knots (hereinafter referred to as a low-speed 
approach) . Engine power is mostly used to check the rate of descent 
during the low-speed approach. In order to determine the moment varia- 
tion during the approaches, cycles were analyzed at various airspeeds 
for each approach. 


Partial-Power Vertical Descents 

Three basic flow states exist for the rotor in vertical flight: the 

normal working state, the vortex-ring state, and the windmill -brake state 
(ref. 4 ) . In order to determine the moments experienced by the rotor 
during the vortex-ring state and windmill -brake state, partial -power ver- 
tical descents were performed. The rates of descent ranged from approxi- 
mately 200 ft /min to approximately 2,200 ft /min during these tests. In 
order to generalize the data, the rates cf descent are nondimensionalized 
by dividing by the induced velocity in hcvering v^ov to account for 

disk loading and density. The rates of descent were held constant through 
out the various tests with the exception of rates of descent that produced 
large amounts of recirculating flows. Under these conditions, the pilot 
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had little control over the rate of descent, 
formed with V-^ = 0. Numerous moment cycles 
rates of descent. 


All the tests were per- 
were analyzed at the various 


Droop -Stop Pounding 

Static droop-stop pounding can inadvertently occur during rotor oner 
inT gr T d in 5tr0ng ^sty wlms Xerefore, YY mLest 

the ground ' gtatlc " droo P-stop-pounding tests were made on 

the ground with the rotor turning at a speed just below the "sling out" 

Selective MtclTsem 31 dr °° P St ° PS U0 rpm) . A moderate 

nff+ul P 1 ? setting was maintained so that the rotor blade would be 
off the droop stops during a revolution. The cyclic stick vaq +v, P n i i 
^continuously moved so that the blades contaS the ^ops dX 

tion of the pilot' P’ e droop-etcp pounding was terminated at the discre- 
, n , th pi ^ ot * Cycles were analyzed both when the blade was off the 
droop stops and when it was on the droop stops. 


RESULTS AND DISCUSSION 


transition m ° ments encountered by a helicopter rotor blade during 

!Sic droon So approaches, partial -power vertical descents, and 
static droop-stop pounding are presented, analyzed, and compared with 
those obtained in previous tests presented in references ^ 2 Sr 

XctSYY are P f esented t0 Which harmonics Te Lt 

affected by these selected conditions. 


Sample Traces 


+hp ^ lgure 2 shows representative samples of the traces obtained during 

Sr SS ^ on ^ tlons that were investigated. These traces are presented 8 
ustrative purposes and are analyzed in detail in a subsequent 

tw° H°rf- °+ ^ transition and landing-approach conditions, traces at 
two different airspeeds are presented for each condition. & order to 
illustrate the variations during partial-power vertical descents She 
races or ree different rates of descent are shown. The droop-stop- 
pounding traces are presented for the instant at which poundSg SiSt 
egms and for the time at which the pounding is the maximum investigated. 
Flapping-motion traces are also shown in figure 2(d). 


Maximum Vibratory Moments 

The maximum vibratory moments encountered during the selected con- 
ditions were calculated by using one-half the peak-to-peak amplitude. 
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Transition.- The effects of the transition region on the rotor blade 
maximum vibratory moments are shown in f if jure 3* I n this figure, the 
rotor blade moments are plotted as a function of indicated airspeed for 
both the decelerating and the accelerating conditions. The tests were 
conducted both in ground effect and out or’ ground effect. The l4-percent 
chordwise-bending-moment bridge was inoperative during the accelerating 
tests • 

An inspection of figure 3 shows that, in general, the maximum vibra- 
tory moments encountered while decelerating through the transition region 
(approximately 5,000 inch-pounds for the 40 -per cent flapwise bending 
moments) are larger than the moments encountered while accelerating 
through this region. Figure 3 also shows that ground effect does not 
have any great effect on the maximum value of the vibratory moments but 
it does cause a shift in the speed at which the maximum occurs. The 
increased moments in the transition region are believed to be the result 
of a change in the flow characteristics through the rotor. One inherent 
difference between the decelerating and accelerating conditions is that 
the rotor attitude during the decreasing-speed tests places the rotor 
closer to the partial-power descent condition. 

Landing approaches.- The maximum vibratory moments experienced by . 
the rotor blade during landing approaches are shown in figure 4. In this 
figure, the rotor-blade moments are plotted as a function of indica e 
airspeed for both the normal approach and the low-speed approach. Since 
the results obtained during the landing-approach tests are not rea y 
repeatable, the moments plotted in this figure represent the maximum 
values obtained during the investigation. The l4-percent chordwise- 
bending-moment bridge was inoperative during the low- speed approaches. 

In general, figure 4 shows that flapwise bending moments as high as 
6,500 inch-pounds at the 14-percent-radius station are encountered during 
the low-speed approaches. The maximum moments, however, occur at the 
same airspeed during both types of approaches. The maximum moments were 
found to be approximately two to three times the moments encountered at 
speeds above 50 knots. The airspeed range in which the maximum moments 
occur during landing approaches correspoids fairly well with the airspeed 
range in which the maximum moments occur during deceleration through the 
transition region. The increased moments encountered in the landing 
approach are believed to be caused by a change in the air flow similar 
to that which occurs during deceleration through the transition region. 
The increased moments during low-speed landing approaches were among the 
highest encountered in this investigation. 

Partial- power vertical descents .- The effect of partial -power ver- 
tical descents on the maximum vibratory moments encountered by the rotor 
blade is shown in figure 5- The rotor-blade moments are plotted as a 
function of the nondimensional rates of descent in this figure. Since 
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;.S‘Ss,Ti' ire s=s 

to 1 200 r ft/min dS In t rate-of-descent ran S e fr °m approximately 600 ft/min 
7 ’ 00 ft/min ‘ In thls range, control was generally poor and reauired 

l^ge ^yements of the controls to keep steady conditions Tn zllltlon 

inc e erSfM K n hi:ri-r s t generaiiy quite high - 

this setie^p-^— 

^ in Ut TrZteTZ i^aSSSS'^ST*''* ^ "°' ierate maneUVerS 

+h Droop stop pounding . - The maximum vibratory moments encountered by 

Ire SI” “ a ? e ? g S " atlc ^noop-stop pounding as induced on Si gmund 

are shown m figure 6. Here the moments are plotted as a function of the 

sS'po^dinffirsff CyCllC ^ Wlth the Cyclic ^ itch at which°droop- 
P + . ? , fa d occurs u sed as a reference. The test was made with a 

collective pitch setting of approximately 7°. 

nff 6 shows that tha ^-percent flapwise bending moments are 

ec e o a greater extent than are the other moments during the droop 
stop pounding. The moments for this station increase from a Jalue of * 
about 2,000 inch-pounds to a value of about 7,500 inch-pounds for a 
change of longitudinal cyclic pitch of 5-5°. The large increases in 
moments at the root of the blade are the result of the flapping inertia 
when the blade impinges on the static droop stop. The moment on the 

an^ro n P ° rtl f ° f bMe ^ as hi ^ a * those produced by l^d^ng 
to be^ J P artial "P° wer vertical descents. These moments are flit 
iia. indication of the rate of increase of moments with control dis- 
p acement if droop-stop pounding is inadvertently permitted, at least 
for a blade with uniform spar and uniform mass. 


Harmonic Analysis of Moment Records 

pit ™ In +°r ier t0 determlne the harmonic content of the moment records, 
thZaa n harmonic analyses were performed. As an aid in interpreting 
these harmonic analyses, the rotor-blade -frequency diagram (fig 7) i s 
included. This diagram uas determined by using tie pictures If ref! 
erence 5 and the measured nonrotating -blade frequencies. An inspection 

+y,- f ^ e ^ e 7 . reveals P° sslble resonant amplification of the second and 
third flapwise bending modes in the normal operating range. 

Harmonic analyses for transition, landing approaches, partial -power 
vertical descents, and static droop-stop pounding are shown in figures 8, 
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9, 10. and 11, respectively. In all the harmonic -analysis "bar graphs, 
a positive steady-state value indicates (l) for flapwise bending moment, 
compression in the upper surface of the blade, (2) for chordwise bending 
moment, compression in the trailing edge of the blade, and (3) for tor 
sional moment, couple tending to rotate the blade leading edge upward. 

The steady-state values of the chordwise bending and torsional moments 
were found to be negative in all cases as is shown by minus signs over 
the steady -state -moment bars. 

Transition.- The results for the harmonic analysis of the moments 
during transition are shown in figure 8. In this figure the various 
moments at the different stations are presented for the steady state and 
first 10 harmonics. The moments are shown for two different airspeeds: 
one that is outside of the transition region and one that is in the tran- 
sition region. The moments encountered while decelerating through the 
transition region, which are generally higher than the moments encountered 
while accelerating through the transition region, are the only ones pre- 
sented in the figure. 

An inspection of figure 8 shows that the flapwise bending moments are 
those most affected by the transition region. The rapid change in flow 
characteristics when traversing the transition region are presumably the 
cause of the increased bending moments shown for most of the harmonics. 

The large increase in the fifth flapwise harmonic in the transition region 
indicates the possibility of resonance amplification . These increased 
harmonic moments illustrate the difficulty of avoiding resonance com- 
pletely at all frequencies for all flight conditions. They also indica e 
the necessity of locating the strain gages during prototype, as well as 
research, testing so as to avoid nodal pcints for at least the first three 
bending modes. The ill-percent chordwise bending and torsional moments are 
generally less affected by the transition region. 

Landing approaches.- Figure 9 shows the harmonic analyses of the 
moments encountered during low-speed landing approaches. These moments 
are presented since they generally result, in maximum values that are 
higher than those obtained in a normal landing approach. The maximum 
moments encountered during the final par-, of the approach are compared 
with the moments that occurred during the steady or initial part of the 
approach de sc ent . 

In general , increased moments are sjiowtl in this figure for the 
majority of the harmonics during the period where the speed is being 
reduced for the landing flare. Since there was no appreciable normal 
acceleration or pitching velocity in the flare during a low-speed 
approach, the increased moments are felt to be the result of the rapidly 
changing flow characteristics through the rotor. Possible resonance 
amplification is again indicated by increased moments for the fifth 
harmonic • 



9 


_ , -r!r t ,| al ~ PO r r V ertical descents .- The effects of partial -power 
ure 10 Tn S fh^ S r™ th6 individual harmonic moments are shown in fig- 

_ . , Th ®. flg ^ re shows "that a rate of descent of 830 ft/min produces some 
outstanding increases in the harmonic moments, parti cularly P f or the flan 
wise bending moments. These increased- moments are associated with tS 

°l produced by the recirculating now 'Sch occurs 

, . d , ‘ 0 descent. The moments encountered by the blade under these 

in fSe to g r^e.sfr t S b flUCtUate < =° nsiaerabl yi therefore, the moments 

increSJs in the “ m0Dents durin « «■<= descent. The large 

the^sslbllitv h f m °" 1C for the tlapwise bending moment indicate 

e possibility of second -mode resonance amplification. 

^^- r ?° P " StOP ,? OUndlnS - ~ ^ harmonic moments encountered during static 
droop-stop pounding are shown in figure 11 . The moments presented in 

repre^ e the e noint^h ^ l0n6itudinal c y clic Pitch: one that 

epresents the point where droop-stop pounding first occurs and one that 

represents the maximum stick deflection attempted. 

to 3 30 “V here dhange ln , don 8itudinal cyclic stick is equal 

are 3 those i affect IITh 5 ££* £ he 14 ‘ por '' ont impulse bending moments 
° t affected hy the stop pounding, the first through fifth 
harmonics showing the largest increases. The first, second, fnd third 

th^°th CS ° r thlS condition experienced bending moments that were larger 
han those encountered during the other conditions of this investigation 
In addition, the 14 -percent flapwise steady-state value at ABp s = 3.3 o' 

has a negative sign which indicates an average value of tension’in the 
upper surface of the blade. Mean-value tension in the upper surface of 
the blade was first encountered when £B 1>S « 30. ne 0 t£ e r Ments 

droop-stop^pounding 1 * 0301 * ^ ShOT ^ ° UtStandln 8 leases due to 


CONCLUSIONS 


The flight investigation of the effects of transition, landing 
approaches, partial -power vertical descents, and droop-sto^ pounding 
nth e periodic rotor-blade moments of a fully articulated, single- 
rotor helicopter indicated the following conclusions: 

+11 I' F ° r ald th ® flight conditions investigated to date (atmospheric 
bulence, moderate maneuvers, retreating-blade stall, transition. 
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landing approaches, partial-power vertical descents, and static droop- 
stop pounding), the largest vibratory moments were produced by partial- 
power vertical descents at zero forward speed. These maximums occurred 
in the nondimensional -vertical -velocity range from -0.4 to -0.8. Vibra- 
tory moments encountered during low- speed landing approaches, although 
not as high as the moments produced in partial -power vertical descents, 
also were very high. 

2. Vibratory moments encountered while decelerating through the 
transition region are higher than the vibratory moments encountered 
while accelerating through the transition region. 

3. Static droop-stop pounding, deliberately induced by 3-3° of 
cyclic stick beyond the initial contact value, during rotor operation 
on the ground resulted in flapwise vibratory moments at the l4-percent 
radius station that are as high as those produced by landing approaches 
and partial -power vertical descents. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., February l 6 , 1959- 
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TABLE I . - PRINCIPAL DIMENSIONS AND PHYSICAL CHARACTERISTICS 
OF TEST HELICOPTER AND ROTOR 


Gross weight, lb 

Number of blades 

Rotor-blade radius, ft ] 

Flapping -hinge offset, ft 

Weight of blades (approximate), lb/blade . 


6,900 

3 

26.5 

0.75 

136 


Main rotor blade : 

Type 

Twist, deg . . 
Airfoil section 
Blade chord, ft 


All metal. 


Rotor solidity, a ^ 

Approximate rotor -blade mass constant, 7 

Design rotor-blade tip speed, ft /sec 

Disk loading, lb/sq ft ’ 

Design rotor angular velocity, radians/sec ....... 

Center of gravity, inches from reference datum (reference 
datum I 4.5 inches forward of nose) 


constant chord 
.... -8 

. . NACA 0012 

.... I.368 

. . . 0.0493 

.... 11 

.... 538 

.... 3-12 

.... 20.3 

.... 129.6 
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40$ flapwise 
bending moment 
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obtained during the various conditions 
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-speed landing approach. 
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Partial -power vertical descents. 



One revolution 



(a) Droop -stop pounding. 


UO-percent flapwise maximum vibratory bending moment, in-lb 


O Decelerating 

□ Accelerating 



Vi, knots 


Figure Effects of transition on the maximum vibratory moments. 
Flagged symbols denote tests out of ground effect. 
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Figure 5.- Continued. 
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Figure 5*- Concluded. 



Flapwise maximum vibratory bending moment, in-lb 



Figure 6.- Effects of static droop-stop pounding on 

vibratory moments. 
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Fi glare 8.- Concluded. 
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